The inoculation of rice straw biochar with PAH-degrading 
ABSTRACT:
The inoculation of rice straw biochar with PAH-degrading by i) biochar enhanced mass transfer of PAHs from the soil to the carbonaceous biochar 11 "sink", and ii) the subsequent degradation of the PAHs by the immobilized M. gilvum.
12
To test this mechanism, a surfactant (Brij 30; 20 mg g -1 soil), was added to impede
Introduction

38
Polycyclic aromatic hydrocarbons (PAHs) are carcinogenic and mutagenic 39 compounds (Mastrangelo, Fadda et al. 1996 , Goldman, Enewold et al. 2001 . Their 40 ubiquitous occurrence (Samanta, Singh et al. 2002) , intrinsic toxicity (Mastrangelo, 41 Fadda et al. 1996 , Goldman, Enewold et al. 2001 ) and bioaccumulation potential 42 (Baussant, Sanni et al. 2001 ) raise significant concerns for human and ecosystem health, 43 wherever PAHs are present at elevated concentrations, such as those found in urban or 44 industrial soils (Wagrowski and Hites 1996 , Bakker, Casado et al. 2000 , Tang, Tang et 45 al. 2005 ).
46
Developing cost-effective methods to clean up PAHs from contaminated land 47 remains a technological challenge (Gan, Lau et al. 2009 ). One approach is to lower the 48 bioavailability of PAHs through the introduction of sorbent amendments, to strongly 49 bind the PAHs, and thereby reduce exposure and associated risks (Ghosh, Luthy et al. 50 2011). The most extensively studied amending agents for such purposes, being a 51 sorption "sink" for PAHs, are carbonaceous materials such as activated carbon (AC) 52 and biochars (Beesley, Moreno-Jiménez et al. 2011 , Hale, Hanley et al. 2011 and Joseph 2012, Oleszczuk, Hale et al. 2012) . Such carbonaceous materials have been 54 observed to sorb PAHs up to 10-1000 times stronger (per unit mass) than other types of the contaminants are transferred from the aqueous phase and weaker sorption (fast-58 desorption) sites of the contaminated soil to the strong sorption site of the added sorbent 59 (Werner, Ghosh et al. 2006 , Rhodes, Carlin et al. 2008 , Cho, Werner et al. 2012 Oleszczuk, Hale et al. 2012 , Liu, Chen et al. 2015 . As an example, the uptake of 61 community might be enhanced, and in addition there would be an enrichment of 85 degrading bacteria and biofilm formation on the strong sorbing materials (Bastiaens, 86 Springael et al. , Wick, Springael et al. 2001 which could provide to stimulate the biodegradation of PAHs (Liu, Chen et al. 2015) .
88
Supporting this reasoning, additions of humic acids (HA) (Smith, Thullner et al. 2009), 89 model synthetic amberlite sorbents , clay 90 (Ortega-Calvo and Saiz-Jimenez 1998), and dissolved organic carbon (DOC) (Haftka, 91 Parsons et al. 2008 ) have been shown to promote both PAH sorption and degradation. 92 Particularly, a 4.8-and 9.5-folds increase in PHE degradation rates was respectively 93 observed when in the presence of HA (Smith, Thullner et al. 2009 ) and model synthetic 94 amberlite sorbents . It is important in this context 95 to note that biochars, with high surface area and porosity, make good candidates for 96 microbial habitats (Saito 1990 , Pietikäinen, Kiikkilä et al. 2000 , Hale, Luth et al. 2014 ).
97
Microbe-AC/biochar composites have been employed in wastewater treatment process, 98 to provide protection to microbes, and/or to increase contaminant removal performance 99 (Morsen and Rehm 1990 , Song, Edwards et al. 2006 , Lin, Donghui et al. 2010 (Lin, Donghui et al. 2010 ).
103
Elevated metabolic activities resulting from biochar amendment to soil have also 104 been observed (Steinbeiss, Gleixner et al. 2009) (Krisdhasima, Vinaraphong et al. 1993 , Hale, Luth et al. 2015 . Moreover, rice straw is 138 a practical biomass-waste feedstock for biochar production (Wu, Yang et al. 2012 sorbed PAHs (Kim, Kweon et al. 2010) . As an indigenous bacteria in the tested soil, M.
146 gilvum was employed. M. gilvum was isolated from the CP soil via a classical shaken 147 liquid medium enrichment method as described elsewhere (Bastiaens, Springael et al. 148 2000). M. gilvum was confirmed, in preliminary tests, to be capable of degrading 149 naphthalene, fluorene, phenanthrene, anthracene, fluoranthene (FLU), and pyrene
150
(PYR) effectively in minimal medium (MM) solutions (described in the SI Table S3) 151 (see the SI Figure S2 amplified with the primers to obtain standard curves, and negative controls were also 233 included. Efficiencies of amplification were 90% to 110% for all samples. observed to frequently colonize the surface and pore entrances of the rice straw biochar.
271
As evident from Figure 1C , the cells appear grouped together as cell aggregates, 272 additionally extracellular polymeric substances (EPS) were observed. After 18 days, 273 the EPS was further pronounced, as observed in Figure 1E and Figure 1F , and formed are presented in Figure 3B and and feedstock of bioochar (Tang, Zhu et al. 2013 one to five times the major dimension of the bacteria (Messing and Oppermann 1979) .
407
The existence of such pores within the rice straw biochar was evident in the SEM 408 images ( Figure S1(A) pore opening diameter and water-filled pore spaces, which might play a significant role 420 in protecting pre-immobilized colonies from predation (Hale, Luth et al. 2015 considerably restrained by surfactants (Ahn, Kim et al. 2008 , Han, Liu et al. 2013 8.3, 6.1 and 4.5, respectively (SI- Figure S4B , Table S5 ). Thus, the lower biodegradation 479 observed in the Brij 30 systems is likely due to less sorption to both biochar and M.
480
gilvum cells. 
Effective biodegradation of biochar-sorbed PAHs
482
Biodegradation of sorbed PAHs has been reported by various pathways, in particular:
483
(1) high-affinity uptake systems of degrading cells (Wick, Springael et al. 2001, Wick, 484 De Munain et al. 2002) , (2) Mycobacterium sp. LB501T on solid anthracene surfaces using SEM (Wick, Ruiz et al. 519 2002). In our study, biofilm flocs and EPS on the surface of biochar immobilized M. Total C, N and S in soil, biochar were measured by dry combustion using a macroelementor (VarioMax CNS, Germany). Soil (400 mg) and biochar (300 mg) samples were processed using combustion temperature (H1) 1140°C, post combustion (H2) 800°C and reduction (H3) 850°C, while He flow was 680 ml/min as mentioned in the operational manual. Soil particle size was measured using the Mastersizer 2000
(Malvern Instruments Ltd, UK)
Soil organic matter (SOM) was determined by oxidation with potassium dichromatetitration with FeSO4.
Soil particle size distribution was measured using the micro-pipette method. (Miller and Miller 1987) Selection of biochar pyrolysis temperature. PAH analysis in CP soil. PAHs in CP soil with different treatments were extracted using a previously established method for quantifying the 16 US EPA PAHs in biochars and biochar amended soils. Briefly, 1 gdw soil was extracted in a cellulose thimble in 200 ml of acetone:cyclohexane (1:1, v/v) in a Soxhlet for 48 h.
Twenty-five µl of surrogate standard mix at a concentration of 400 μg ml -1 were added prior to extraction. Soxhlet extracts were concentrated to approximately 1 ml by rotary vacuum evaporation at 39 o C. Then 15 ml of hexane were added and further concentrated to 1 ml to accomplish the exchange of solvent before clean-up, following the US EPA Method 3630C, and thereafter exchanged back to hexane and diluted by a factor of 100 (to quantify the abundant PAHs in the CP soil). Fifty µl of internal standard hexamethylbenzene (10 μg ml -1 in acetone) were added before analysis by gas chromatography-mass spectroscopy. gilvum -18d
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Naphthalene ND ND ND ND ND ND ND ND Figure S1 . SEM image of biochar derived from different feedstocks: (A), rice straw 3 biochar (×2000); (2) sewage sludge biochar (×2000); and (3) pig manure biochar 4 (×2000). As evident in Figure S1 , the surface structure of three biochars were varied 5 greatly: porous structure was commonly observed in rice straw biochar; whereas on 6 sewage sludge and pig manure biochar, it was faultage and bulk aggregates. The 7 existence of suitable pores within the rice straw biochar was evident in the SEM image 8 of Figure S1 (A), indicating that rice straw biochar was more suitable carrier for 9 microbial immobilization than sewage sludge and pig manure biochar. In Figure S4A , similar water-dissolved PAH concentrations were detected in 63 solutions separated from soils with four different treatments. 
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